While transcriptional control of innate immune gene expression is well characterized, almost nothing is known about how pre-mRNA splicing decisions influence, or are influenced by, macrophage activation. Here, we demonstrate that the splicing factor hnRNP M is a critical repressor of innate immune gene expression and that its function is regulated by pathogen sensing cascades. Loss of hnRNP M led to hyperinduction of a unique regulon of inflammatory and antimicrobial genes following diverse innate immune stimuli. While mutating specific serines on hnRNP M had little effect on its ability to control pre-mRNA splicing or transcript levels of housekeeping genes in resting macrophages, it greatly impacted the protein's ability to dampen induction of specific innate immune transcripts following pathogen sensing. These data reveal a previously unappreciated role for pattern recognition receptor signaling in controlling splicing factor phosphorylation and establish pre-mRNA splicing as a critical regulatory node in defining innate immune outcomes.
INTRODUCTION
When innate immune cells like macrophages sense pathogens, they undergo a massive reprogramming of gene expression. Although innate immune gene expression is mostly studied in the context of transcriptional activation, multiple lines of evidence support a crucial role for pre-mRNA splicing regulation in shaping the macrophage transcriptome. For example, when primary mouse macrophages are treated with a Toll-like receptor 4 (TLR4) agonist, individual transcripts show significant variation in the time it takes for them to be fully spliced, with some pre-mRNAs remaining unprocessed for hours after transcriptional activation (Bhatt et al., 2012; Pandya-Jones et al., 2013) . Like-wise, computational analyses of human primary macrophages reveal a robust increase in mRNA isoform diversity and a global preference for exon inclusion following lipopolysaccharide (LPS) treatment or Salmonella enterica serovar Typhimurium infection (Pai et al., 2016) . The production of functionally diverse protein isoforms via alternative splicing is also known to influence innate immune responses. Several important innate immune molecules that function downstream of pattern recognition receptors, such as the TLR adaptor protein MyD88 (Janssens et al., 2003) , the interleukin-1 receptor associated kinase 1, IRAK1 (Rao et al., 2005) , and even some of the TLRs themselves (TLR3, TLR4 co-receptor MD2) (Gray et al., 2010; Seo et al., 2015) , are regulated through expression of truncated isoforms that autoinhibit full-length protein function and dampen inflammatory responses. In the case of MyD88, splicing factors like SF3a1 have been directly implicated in generating the MyD88 short isoform (MyD88-S), which inhibits expression of pro-inflammatory cytokines like interleukin-6 (IL-6) following LPS treatment .
To date, only a handful of RNA-binding proteins (RBPs) have been studied in the context of the innate immune response. For example, TLR4 signaling via LPS treatment promotes the shuttling of hnRNP U (heterogeneous nuclear ribonucleoprotein particle U) from the nucleus to the cytosol, resulting in differential expression of several innate immune cytokines (TNFα, IL-6, IL-1β) via hnRNP U-dependent stabilization of cytosolic mRNAs (Zhao et al., 2012) . Tristetraprolin (TTP), human antigen R (HuR), T cell intracellular antigen 1-related protein (TIAR), and hnRNP K have also been implicated in controlling gene expression in LPS-activated macrophages, with TTP and HuR regulating mRNA decay and TIAR and hnRNP K causing translational repression (Chen et al., 2013; Liepelt et al., 2014; Ostareck and Ostareck-Lederer, 2019) . Phosphorylation is generally thought to control subcellular localization and protein-protein interactions between these RBPs (Allemand et al., 2005; Cobianchi et al., 1993; Huang et al., 2004; Ostareck-Lederer et al., 2002; Shin et al., 2004; Stamm, 2008) , but the kinases/phosphatases responsible for modifying them and the conditions under which these modifications are controlled remain poorly understood.
Two recent publications measured macrophage protein phosphorylation following infection with the intracellular pathogens Mycobacterium tuberculosis (Penn et al., 2018) and Cryptococcus neoformans (Pandey et al., 2017) . Intriguingly, a substantial number of these differentially phosphorylated peptides were derived from splicing factors. In fact, "spliceosome" was the top over-represented phosphorylated pathway in C. neoformansinfected cells, suggesting that post-translational modification (PTM) of splicing factors is critical for controlling innate immune responses to pathogens. One of the proteins that was significante differentially phosphorylated in each of these datasets was hnRNP M. hnRNP M is a splicing factor and RBP that has been repeatedly implicated in cancer metastasis (Chen et al., 2014; Passacantilli et al., 2017; Thomas et al., 2011; Xu et al., 2014) and muscle differentiation (Chen et al., 2017) . Its role in regulating innate immune gene expression in macrophages is unknown, although interestingly, it has also been found to influence dengue virus replication (Viktorovskaya et al., 2016) , suggesting a role in antiviral responses.
Here, we demonstrate that abrogating hnRNP M expression in a macrophage cell line leads to hyperinduction of over 100 transcripts following distinct innate immune stimuli, including infection with the gram-negative bacteria Salmonella enterica serovar Typhimurium, treatment with TLR2 and TLR4 agonists, and transfection of cytosolic dsDNA. While our data reveal that hnRNP M co-transcriptionally represses gene expression by influencing both constitutive and alternative splicing decisions, regulation of hnRNP M's function via phosphorylation at S574 specifically controls the protein's ability to inhibit intron removal of innate immune-activated transcripts. Consistent with its role in downregulating macrophage activation, macrophages lacking hnRNP M are better able to control viral replication, emphasizing the importance of pre-mRNA splicing regulation in modulating the innate immune response to infection.
RESULTS

RNA Sequencing (RNA-Seq) Analysis Reveals Immune Response Genes Are Regulated by hnRNP M during Salmonella Infection
To investigate a role for hnRNP M in regulating the innate immune response, we first tested how loss of hnRNP M globally influenced macrophage gene expression. Stably selected, constitutive hnRNP M knockdown (hnRNP M KD) cell lines were generated by transducing RAW 264.7 mouse macrophages with lentiviral short hairpin RNA (shRNA) constructs designed to target hnRNP M or a control scramble (SCR) shRNA. Western blot and qRT-PCR analysis confirmed ~80% and 60% knockdown of hnRNP M using two different shRNA constructs (KD1 and KD2, respectively) ( Figure 1A ). Because several attempts to knock out hnRNP M in RAW 264.7 macrophages by CRISPR/Cas9 guide RNAs (gRNAs) resulted exclusively in clones with in-frame insertions or deletions (data not shown), we concluded that hnRNP M is essential in macrophages and continued our experiments using the viable knockdown cell lines.
We next performed RNA-seq analysis on total poly(A)+ selected RNA collected from uninfected and Salmonella Typhimurium infected cells (MOI = 10) at the key innate immune time point of 4 h post-infection, at which time transcriptional activation downstream of both MyD88 and TRIF adapters would be expected (Yamamoto et al., 2003) . Using CLC Genomics Workbench, we identified a number of genes that were differentially expressed in uninfected hnRNP M KD cells compared to SCR control cells, with 391 genes upregulated and 174 downregulated ( Figure 1B) . Looking specifically at transcripts with a fold change of > ±1.5 (p < 0.05), we observed similar numbers of impacted genes in uninfected hnRNP M KD and SCR macrophages ( Figure 1C ) and those infected with Salmonella ( Figure 1D ). The ratio of upregulated (blue) and downregulated (red) transcripts was also quite similar between the two conditions and consistent with previous reports of hnRNP M repressing pre-mRNA splicing (Hovhannisyan and Carstens, 2007; Marko et al., 2010) . Interestingly, we observed only 25% overlap between genes that were differentially expressed in uninfected and Salmonella-in-fected macrophages, suggesting that hnRNP M has distinct modes of operation depending on the activation state of a macrophage ( Figure  S1A ). Unbiased canonical pathways analysis revealed strong enrichment for differentially expressed genes in innate immune signaling pathways in Salmonella-infected hnRNP M KD cells ( Figure 1E ), and manual analysis of these lists revealed a number of important chemokines (e.g., Cxcl16, Ccl17, Ccl2, Ccl7), antiviral molecules (e.g., Isg15, Mx1, Rsad2), and pro-inflammatory cytokines (e.g., IL6, Mip1a [Ccl3], IL18) whose expression were dramatically affected by loss of hnRNP M ( Figure 1F ). Additional pathways enriched for hnRNP M-dependent genes can be found in Figures S1B and S1C, and a list of all impacted genes (±1.5-fold change) can be found in Table S1 .
To validate the RNA-seq gene expression changes, we used qRT-PCR to measure transcript levels of genes from both lists (uninfected SCR versus hnRNP M KD and Salmonellainfected SCR versus hnRNP M KD). We confirmed overexpression of several genes in uninfected hnRNP M KD cells (Rnf26, Rnf128, Slc6a4; Figure 1G ), as well as hyperinduction of transcripts in hnRNP M KD cells at 2 and 4 h post-Salmonella infection (IL6, Mx1, Gbp5, Adora2a, and Marcks) (Figures 1H and S1D) . Importantly, induction of other pro-inflammatory mediators such as IL1b and Tnfa did not rely on hnRNP M ( Figure   1I ), suggesting that hnRNP M's ability to regulate gene expression is conferred by specificity at the transcript level, rather than being common to a transcriptional regulon (e.g., nuclear factor κB [NF-κB], IRF3, STAT1). Together, these results reveal a previously unappreciated role for hnRNP M in repressing specific innate immune transcripts in macrophages.
hnRNP M Regulates a Specific Subset of Innate Immune Genes upon Treatment with Diverse Innate Immune Stimuli
Salmonella encodes several pathogen-associated molecular patterns (PAMPs) that serve as potent activators of pattern recognition receptors. Salmonella can also activate proinflammatory gene expression via its virulence-associated type III secretion system (Sun et al., 2018) . To begin to determine the nature of the signal through which hnRNP Mdependent gene expression changes occur, we first tested whether LPS, a potent agonist of TLR4 (Poltorak et al., 1998) and component of the Salmonella outer membrane, was sufficient to hyperinduce IL6 expression in hnRNP M KD macrophages ( Figure 2A ). Similar to Salmonella infection, we observed a 3-to 4-fold hyperinduction of IL6 in hnRNP M KD cells treated with 100 ng/mL LPS (from E. coli) for 2 and 4 h, confirming that hnRNP M acts downstream of TLR4 activation ( Figure 2B ). Importantly, hyperinduction of IL6 mRNA in both LPS-treated and Salmonella-infected hnRNP M KD macrophages increased IL-6 protein levels 3-to 6-fold ( Figure 2C ), indicating that hnRNP M repression of IL6 mRNA processing impacts protein outputs in a biologically meaningful way. We believe hnRNP M mainly functions to repress IL6 expression early in macrophage activation, as we did not observe statistically significant differences in IL6 mRNA levels between SCR and hnRNP M KD at later time points (6 h) post-LPS treatment ( Figure S2B ), and this trend generally held for several other hnRNP M-dependent transcripts ( Figure S2B ). We did not observe any significant changes in hnRNP M protein expression over the same time course of LPS treatment ( Figure S2C ) nor did we observe significant differences in IκBα degradation over a course of LPS treatment in hnRNP M KD versus SCR control cells ( Figure S2D ), demonstrating that signaling downstream of TLR4 activation is intact in the absence of hnRNP M.
Consistent with our RNA-seq and qRT-PCR data from Salmonella-infected cells, Mx1, Gbp5, and Marcks were hyperinduced in hnRNP M KD cells after LPS treatment at 2 and 4 h ( Figure 2E ; Figure S2A ), while IL1b ( Figure 2D ) and Tnfa ( Figure S2A ) showed no changes in expression after LPS treatment in hnRNP M KD versus SCR control cells, despite both transcripts being tremendously upregulated. Rather than being activated by NF-ΚB, transcription of Mx1 and Gbp5 occurs via STAT1 downstream of interferon (IFN)-β signaling, following IFN-β expression via the TRIF/IRF3 axis ( Figure 2L ). These results hinted at a mechanism for hnRNP M-dependent repression that is independent of transcription factor specificity and is instead dependent on individual transcripts.
In order to confirm that hnRNP M's ability to regulate innate immune gene expression was not unique to RAW 264.7 macrophages, we used siRNAs to knockdown hnRNP M in primary mouse bone marrow-derived macrophages (BMDMs) for 72 h, alongside negative control (designed to not target anything) and positive control (designed to target GAPDH) siRNAs ( Figure 2F ; Figure S2E ) and treated these macrophages with LPS. Because BMDMs are incredibly responsive to innate immune agonists, we used two different concentrations of LPS, 100 ng/mL (same as in the RAW 264.7 experiments) and 10 ng/mL. In both cases, hnRNP M siRNA KD in BMDMs recapitulated the phenotype that we observed in the RAW 264.7 KD macrophages, i.e., hyperinduction of IL6 ( Figures 2G, 100 ng/mL, and 2H, 10 ng/ mL), albeit with slightly different kinetics and dose responses than we observed in the RAW 264.7 cell line. Importantly, we also measured hyperinduction of Gpb5, Mx1, and Adora2a and no change in Tnfa or IL1b (Figures 2I, 2J , and S2F) in hnRNP M siRNA KD cells, consistent with our results in the macrophage cell line. Together, these results argue for hnRNP M playing a crucial, conserved role in innate immune gene expression in both primary murine macrophages and murine macrophage cell lines.
To more directly test the idea that hnRNP M's target specificity is at the level of the transcript itself, we tested whether genes like Mx1 and IL6 were hyperinduced in hnRNP M KD RAW 264.7 macrophages treated with a panel of innate immune agonists. Treatment with 100 ng/mLof theTLR2/1 agonist Pam3CSK4 hyperinduced IL6 expression in hnRNP M KD cells compared to SCR controls ( Figure 2K ; Figure S2G ), while Tnfa and IL1b mRNA levels remained similar ( Figure S2G ). Likewise, transfection of hnRNP M KD cells with 1 μg/mL IFN stimulatory DNA (ISD), a potent agonist of cytosolic DNA sensing and IRF3-mediated transcription downstream of the cGAS/STING/TBK1 axis (Stetson and Medzhitov, 2006 ) ( Figure 2L ), led to hyperinduction of Mx1 in hnRNP M KD cells ( Figure  2M ). Ifnb and other IFN-stimulated genes (ISGs) regulated by IRF3 (Ifit1 and Irf7) were expressed at similar levels ( Figures 2M and 2N ). Direct engagement of the IFN receptor (IFNAR) with recombinant IFN-β also resulted in Mx1 hyperinduction in hnRNP M KD cells ( Figure 2O ). Collectively, these results bolster a model whereby hnRNP M represses mRNA expression of a specific subset of innate immune genes, regardless of how those genes are induced.
hnRNP M Influences Gene Expression Outcomes at the Level of Pre-mRNA Splicing
Because previous studies of hnRNP M have shown that it can enhance or silence splicing of alternatively spliced exons (Cho et al., 2014; Hovhannisyan and Carstens, 2007; Llères et al., 2010; Park et al., 2011) , we first asked whether loss of hnRNP M could specifically influence constitutive intron removal and/or alternative splicing in LPS-activated macrophages. We chose IL6 as a model transcript because (1) it has a simple intron-exon architecture with four relatively short introns (165, 1,271, 3,059, and 1,226 nucleotides, respectively); (2) it was robustly hyperinduced by loss of hnRNP M ( Figures 1F and 1H) ; and (3) it is a crucial component of the macrophage inflammatory response. Using qRT-PCR, we first measured the relative abundance of each IL6 intron-exon junction ( Figure 3A ) in SCR control cells to assess how intron removal proceeded on IL6 pre-mRNAs in cells containing hnRNP M. Primers were designed to only amplify introns that are still part of pre-mRNAs and not released intron lariats. At 2 h post-LPS treatment, most of the IL6 transcripts we detected were partially processed, with intron 1 and to some extent intron 4 being preferentially removed and introns 2 and 3 being retained ( Figure 3B ). We then compared the relative abundance of IL6 introns in SCR control cells to those in hnRNP M KD macrophages and observed a dramatic and specific decrease in intron 3-containing IL6 pre-mRNAs in the absence of hnRNP M. This decrease in IL6 intron 3 starkly contrasted other IL6 intron-exon and exon-exon junctions, which were overall more abundant in the absence of hnRNP M ( Figure 3C ). The fact that we observe vastly different amounts of intron 2 and 4-containing IL6 pre-mRNAs compared to intron-3-containing IL6 pre-mRNAs in hnRNP M KD macrophages speaks against hnRNP M impacting IL6 expression transcriptionally and instead argues strongly for the protein playing a role in IL6 pre-mRNA processing. These data demonstrate that IL6 pre-mRNAs accumulate in the absence of hnRNP M and suggest that IL6 intron 3 plays a privileged role in dictating the maturation of IL6 mRNAs. Specifically, we propose that retention of intron 3 serves as a rate-limiting step in IL6 pre-mRNA processing so that in the absence of hnRNP M, when IL6 intron 3 is removed more efficiently, higher levels of mature IL6 mRNA are made ( Figures 1F, 1H , and 2B). Consistent with a role for hnRNP M in controlling splicing specifically, we did not observe any significant differences in the stability of IL6 mRNAs in hnRNP M KD macrophages compared to SCR controls following a time course of Actinomycin D treatment ( Figure S3A ).
We next wanted to explore whether loss of hnRNP M also influenced alternative splicing in uninfected and Salmonella-in-fected macrophages. To do so, we employed an algorithm for local splice variation (LSV) analysis called MAJIQ (Modeling Alternative Junction Inclusion Quantification) (Vaquero-Garcia et al., 2016) . MAJIQ allows identification, quantification, and visualization of diverse LSVs, including alternative 5′ or 3′ splice site usage and exon skipping, across different experimental conditions. MAJIQ identified a total of 94 LSVs in uninfected SCR versus hnRNP M KD macrophages and 67 LSVs in Salmonella-infected SCR versus hnRNP M KD macrophages (probability [|delta PSI|, ≥20%], >95%) ( Figure 3D ). The vast majority of the LSVs identified in SCR versus hnRNP M KD cells were exon skipping events ( Figure 3D ). Subsequent visualization of these LSVs by Voila analysis revealed that loss of hnRNP M generally correlated with increased exon inclusion in both uninfected and Salmonella-infected macrophages. In other words, the presence of hnRNP M led to more exon skipping, which is consistent with a role for hnRNP M in splicing repression. We also conducted IPA pathway analysis of alternatively spliced transcripts to identify pathways enriched for hnRNP M-dependent changes. In contrast to our global gene expression IPA analysis, we observed no enrichment for genes in innate immune-related pathways in either uninfected or Salmonella-infected macrophages ( Figure   3E ). In fact, only 3 transcripts had both significant expression changes (via RNA-seq) and significant delta PSI changes (via MAJIQ), suggesting that hnRNP M's role in influencing steady-state gene expression of innate immune transcripts is distinct from its role in controlling alternative splicing decisions ( Figure S3B ). Interestingly, the greatest number of splicing changes were induced by Salmonella infection itself ( Figure S3C ), consistent with previously published datasets (Kalam et al., 2017; Pai et al., 2016) .
Mx1, an anti-viral GTPase, was one of the three transcripts significantly impacted by loss of hnRNP M at the levels of gene expression ( Figures 1F and 1H ) and alternative splicing ( Figure 3F ). Specifically, MAJIQ identified an exon inclusion event of Mx1 "exon 9" that control uninfected macrophages (delta PSI exon 8-exon 9 = 0.703 versus exon 8-exon 10 = 0.298) ( Figure 3G ). Inclusion of this exon 9 introduces a premature stop codon and exon-9containing transcript isoforms of Mx1 are annotated as nonsense-mediated decay targets.
Together with our RNA-seq analysis, these results suggest that the overall abundance of Mx1 protein may be regulated by hnRNP M at multiple post-transcriptional processing steps, i.e., bulk transcript abundance and proportion of functional protein-encoding transcripts. MAJIQ also reported increased exon inclusion events for Commd8, a putative transcriptional regulator, and Nmt2, an N-myristoyltransferase. We confirmed each of these LSVs by semi-quantitative RT-PCR ( Figures 3H, 3I , and S3D). Collectively, these data illustrate that hnRNP M can repress splicing of both constitutive and alternative introns, leading to distinct transcript and protein expression outcomes in macrophages.
hnRNP M Is Enriched at the Level of Chromatin and at the IL6 Genomic Locus
To get a better understanding of how hnRNP M controls pre-mRNA splicing, we next asked where hnRNP M localizes in RAW 264.7 macrophages and whether its localization changed upon TLR4 activation. Other hnRNP family members have been found to translocate to the cytoplasm in response to several different types of stimuli including vesicular stomatitis virus (VSV) infection, osmotic shock, and inhibition of transcription (Allemand et al., 2005; Lichtenstein et al., 2001; Pettit Kneller et al., 2009) , and hnRNP U has been shown to shuttle out of the nucleus following LPS treatment of macrophages (Zhao et al., 2012) . Based on our data implicating hnRNP M in splicing, we predicted that it can function in the macrophage nucleus and indeed, several algorithms including nuclear localization signal (NLS) Mapper (Kosugi et al., 2009 ) and PredictProtein (Yachdav et al., 2014) predicted hnRNP M is a predominantly nuclear protein (NLS Mapper score 8.5/10; PredictProtein 98/100) ( Figure 4A ).
To examine hnRNP M localization, we performed immunofluorescence microscopy in uninfected macrophages using an anti-hnRNP M antibody and observed significant nuclear enrichment ( Figure 4B ) with no major changes over a 2 h time course of LPS treatment ( Figure 4C ). This was true for endogenous hnRNP M and a 3xFLAG-hnRNP M allele stably expressed in macrophages ( Figure S4A ). As a control, we monitored the translocation of hnRNP U upon LPS treatment and observed nuclear to cytoplasmic translocation, consistent with previous reports ( Figure S4B ). Based on these results, we concluded that hnRNP M is a nuclear protein in macrophages and that LPS treatment does not trigger translocation to another cellular compartment.
We next sought to understand more precisely where in the nucleus hnRNP M was enriched since intron recognition and removal can occur at the level of chromatin, while nascent transcripts are still tethered to RNA polymerase II (Bhatt et al., 2012; Moehle et al., 2014; Nojima et al., 2016; Pandya-Jones and Black, 2009) . To this end, we performed a cellular fractionation experiment in RAW 264.7 macrophages over a time course of LPS treatment and visualized hnRNP M localization via western blot ( Figure 4D ). We observed hnRNP M in both the nucleoplasm and the chromatin over the course of LPS treatment, while no hnRNP M was detectable in the cytoplasmic fraction. Macrophages stably expressing 3xFLAG-hnRNP M showed a similar hnRNP M distribution between the nucleoplasm and chromatin ( Figure S4C ). We did not observe significant redistribution of either endogenous or 3xFLAG-hnRNP M between the nucleoplasm and chromatin fractions upon LPS treatment ( Figures 4D and S4C ). Residual hnRNP M protein expressed in KD cell lines was similarly distributed between the chromatin and nucleoplasm ( Figure S4D ). Together, fractionation and immunofluorescence experiments confirmed that a population of hnRNP M associates with chromatin, and the protein does not grossly redistribute in the cell upon LPS treatment.
hnRNP M's Association with the IL6 Locus Is RNA Dependent and Controlled by TLR4 Signaling
We next wanted to determine whether hnRNP M's association with chromatin was specific for the genomic loci of genes whose regulation was impacted by hnRNP M (Figure 1F ). We hypothesized that, if hnRNP M repression of IL6 intron 3 removal occurs at the nascent transcript level, then hnRNP M may associate with the IL6 genomic locus. To test this, we performed chromatin immunoprecipitation (ChlP)-qPCR. ChIP has been used extensively in yeast and to some extent in mammals as a spatiotemporal read out of splicing factor recruitment to nascent transcripts (Bieberstein et al., 2014; Moehle et al., 2012; Neves et al., 2017; Nissen et al., 2017; Patrick et al., 2015) . Endogenous hnRNP M was immunoprecipitated from untreated macrophages, and association with the IL6 locus (DNA) was determined using a series of tiling primers spaced approximately 500 bp apart ( Figure  4E ). We observed no enrichment of hnRNP M in the promoter region of IL6, consistent with it playing a mainly post-transcriptional role in IL6 processing ( Figure 4F , primer set 1). We did, however, observe significant enrichment of hnRNP M at several primer sets in the IL6 gene, most notably over the intron 2-intron 3 region ( Figure 4F , primer sets 3-5). Previously published cross-linking immunoprecipitation (CLIP)-seq experiments identified a GUGGUGG consensus site for hnRNP M (Huelga et al., 2012) ; such a site exists in intron 2 of IL6, and several similar motifs are found in IL6 intron 3 ( Figure S4E ). Indeed, of all the transcripts in Figure 1D , >75% of them contain at least one consensus hnRNP M motif in an intron (Table S2 ). ChIP-qPCR of histone H3, which showed clear depletion of nucleosomes around the IL6 transcription start site (primer sets 1 and 2), was performed to control for genomic DNA accessibility and/or primer set efficiency ( Figure 4G ). Together, these results reveal that hnRNP M can associate with the genomic locus of transcripts like IL6 whose splicing it represses, suggesting that it functions co-transcriptionally. Importantly, treatment with RNase A shifted hnRNP M from the chromatin into the nucleoplasm ( Figure 4H ). Likewise, RNase A treatment (Bieberstein et al., 2014) abolished hnRNP M enrichment at the IL6 genomic locus via ChIP-qPCR as well, confirming that its association with chromatin and the IL6 gene depends on RNA ( Figure 4I ).
If hnRNP M acts as a repressor of IL6 splicing by binding to nascent transcripts at the IL6 locus, we hypothesized that this repression might be relieved upon TLR4 activation, thus allowing a cell to robustly induce IL-6 expression following pathogen sensing. To test this, we performed ChIP-qPCR of hnRNP M at the IL6 locus in RAW 264.7 macrophages treated with LPS for 1 h. Remarkably, we observed a complete loss of hnRNP M enrichment at all primer sets along the IL6 gene body, including those over intron 2 and 3, following LPS treatment ( Figure 4J ). This result strongly links hnRNP M's ability to repress IL6 with its presence at the IL6 genomic locus and suggests that TLR4 signaling controls hnRNP M's repressor activity.
Having demonstrated that hnRNP M's ability to associate with the IL6 chromatin locus relies on RNA, we were curious to see whether hnRNP M directly binds to transcripts whose expression were hnRNP M dependent ( Figures 1C and 1D) . To begin to answer this question, we leveraged previously published datasets of hnRNP M-bound transcripts in two human cell lines HepG2 (human liver carcinoma cells) and K562 (human chronic myelogenous leukemia cells) (Van Nostrand et al., 2016) . Remarkably, we observed almost 60% overlap between our MAJIQ genes and the enhanced CLIP (eCLIP) datasets ( Figure  4K ; Table S3 ), suggesting that hnRNP M'salternative splicing targets are highly conserved between mouse and human and that the transcripts identified in our MAJIQ analysis are direct hnRNP M targets. While the overlap between the eCLIP hits and differentially expressed transcripts from our RNA-seq analysis (RNA-seq hits, Figures 1C and 1D) was lower (22% for Salmonella-infected transcripts, 21% for uninfected transcripts), this result is not altogether surprising, as HepG2 cells and K562 cells would not be expected to express many of the same transcripts as a macrophage. However, together these data reinforce the idea that RBPs like hnRNP M can play specialized roles in different cellular contexts, while also regulating a core set of conserved target transcripts.
Phosphorylation of hnRNP M at S574 Downstream of TLR4 Activation Controls Its Ability to Repress Expression of Innate Immune Transcripts
A recently published phosphoproteomics dataset identified a number of splicing factors that were differentially phosphorylated during infection with the intracellular bacterium Mycobacterium tuberculosis (Penn et al., 2018) . Because it is not a gram-negative bacterium, M. tuberculosis does not activate TLR4 via LPS, but it does express the lipoglycan lipomannan (LM) and other lipoproteins, which are agonists of TLR2. Having confirmed hnRNP M-dependent regulation of IL6 following treatment with a TLR2 agonist (Pam3CSK4) ( Figure 2K ), we reasoned that TLR2 activation upon M. tuberculosis infection may lead to the same changes in hnRNP M phosphorylation as would TLR4 activation during Salmonella infection. We thus leveraged the M. tuberculosis global phosphoproteomics dataset from Penn et al. (2018) , identified 5 differentially phosphorylated serine residues on hnRNP M (S85, S431, S480, S574, and S636) ( Figure  5A ), and generated 3xFLAG-hnRNP M constructs with phosphomimic (S→D) or phosphodead (S→A) mutationsat each of the serines and made stable RAW 264.7 macrophages expressing each of these alleles in wild-type RAW 264.7 macrophages that still contain a wild-type hnRNP M allele. Importantly, we did not observe any significant differences in the expression level of these mutant alleles compared to the wild-type 3xFLAG-hnRNP M either in resting macrophages or over a course of LPS treatment ( Figure  S5A ). antibodies against the endogenous protein, we consistently measured accumulation of a higher-molecular-weight species of the wild-type 3xFLAG-hnRNP M allele over the course of LPS treatment, with an initial increase in the species seen as early as 15 min posttreatment ( Figure S5B ), consistent with a population of hnRNP M being post-translationally modified upon pathogen sensing.
To determine how these individual serine residues contribute to hnRNP M activity during macrophage activation, we infected each of the phosphomutant/mimic-expressing cell lines, as well as a control expressing a wild-type allele, with Salmonella and measured IL6 and Mx1 expression at 4 h. Remarkably, expression of hnRNP M harboring a single serine mutation (hnRNP M 574D) caused dramatic hyperinduction of both IL6 and Mx1 compared to cells expressing the wild-type 3xFLAG-hnRNP M allele ( Figures 5B and 5C ). Several other phosphomutant alleles (S85D, red bar, S431A, light-blue bar, S480A/D, green bars) also affected IL6 and Mx1 induction but to a lesser extent ( Figures 5B and 5C ). Mutating S587, which is a repeat of the S574-containing sequence (MGANS(ph)LER), did not affect the regulation of IL6 or Mx1, suggesting the location of these serines is critical and that phosphorylation-dependent regulation of hnRNP M is specific for select serine residues ( Figure S5C ). Curiously, expression of the S574D allele in the hnRNP M KD cell lines did not recapitulate this derepression phenotype, suggesting the 574D allele disrupts the activity of wild-type hnRNP M itself-perhaps via interfering with hnRNP M protein oligomerization and/or higher-order complexes that form at innate immune targets ( Figure  S5D ).
Having implicated hnRNP M phosphorylation at S574 in controlling IL6 and Mx1 expression, we next wanted to see how phosphorylation affected transcripts whose expression in uninfected cells was higher in the absence of hnRNP M ( Figure 1G ). While we again observed elevated expression of these transcripts in the absence of hnRNP M (hnRNP M KD, gray bars), expression of the phosphomutant alleles (S431A/D and S574A/D) had no effect on Rnf128, Rnf26, or Slc6a4 transcript levels ( Figure 5D ). Expression of these genes was similarly unaffected by the other hnRNP M phosphomutants ( Figure S5E ). Alternative splicing of Commd8 was also unaffected by any of the phophosmutants in either uninfected or Salmonella-infected cells ( Figure 5E ). Together, these data provide strong evidence that hnRNP M's ability to regulate the expression of constitutively expressed genes and/or influence alternative splicing decisions does not rely on phosphorylation at serine 574, whereas its role in regulating innate immune transcripts induced during infection is specifically controlled by PTMs downstream of pathogen sensing.
Like wild-type hnRNP M, each hnRNP M phosphomutant was enriched in the chromatin in untreated cells ( Figure S5F ). However, in ChIP experiments looking specifically at the IL6 locus, the S574D phosphomimic allele displayed virtually no enrichment compared to the S574A phosphodead allele, whose enrichment profile was similarto that of wild-type hnRNP M ( Figure 5F and Figure 4F ). Indeed, hnRNP M 574D ChIPs more closely resembled those from RNase-or LPS-treated samples (Figures 4I and 4J) . These data point to phosphorylation of residue S574 in controlling hnRNP M's ability to co-transcriptionally repress processing of chromatin-associated IL6 pre-mRNAs.
We next sought to better understand how hnRNP M is phosphorylated at these key residues. TLR4 activation triggers a number of signaling cascades, including p38, MEK1/2 (ERK), and JNK MAP kinases. Previous reports have implicated each of these pathways in regulating IL6 expression downstream of innate immune stimuli (Costa-Pereira, 2014), but it is not known whether these cascades control splicing factor phosphorylation. To test the role of each cascade in hnRNP M-dependent repression of IL6, we performed ChIP experiments in the presence of LPS and specific inhibitors of p38 (SB203580), JNK (SP600125), or MEK (U0126). We again observed LPS-dependent loss of hnRNP M enrichment at IL6 (primer sets 4-6), and treatment with JNK and MEK inhibitors had no effect on hnRNP M release. However, in the presence of the p38 inhibitor, hnRNP M remained associated with the IL6 genomic locus after LPS treatment ( Figure 5G ), demonstrating that p38 signaling pro-motes release of hnRNP M from the IL-6 genomic locus.
Last, to interrogate the mechanism driving IL6 hyperinduction in hnRNP M S574Dexpressing cells, we asked whether IL6 intron removal was affected by expression of the phosphomutant alleles. Using the same qRT-PCR approach used in Figure 3B , we detected an increase in IL6 pre-mRNAs containing introns 2 and 3 in macrophages overexpressing a wild-type hnRNP M allele, consistent with hnRNP M slowing IL6 intron removal.
Conversely, these same introns were removed more efficiently in the presence of hnRNP M S574D, while no difference was observed in S574A-expressing cells ( Figure 5H ). These data strongly support a model whereby phosphorylation of hnRNP M at S574 relieves its ability to act as a splicing repressor, allowing for rapid removal of IL6 introns and upregulation of IL6 mRNA, and demonstrate a previously unappreciated role for constitutive intron removal in mediating IL6 expression in macrophages.
Loss of hnRNP M Enhances Macrophages' Ability to Control Viral Infection
Because loss of hnRNP M resulted in hyperinduction of a variety of cell-intrinsic antimicrobial molecules and ISGs, we hypothesized that hnRNP M KD cells would be better at controlling viral replication. We infected SCR and hnRNP M KD RAW 264.7 macrophages with VSV, an enveloped RNA virus that can replicate and elicit robust gene expression changes in RAW 264.7 macrophages (Kandasamy et al., 2016) . Viral replication (levels of VSV-G) was measured over an 8 h time course by qRT-PCR in cells infected with a viral MOI of 1 and 0.1. At both MOIs, loss of hnRNP M correlated with dramatic restriction of VSV replication, particularly at the 8 h time point ( Figure 6A ). As expected, infection with VSV, a potent activator of cytosolic RNA sensing via RIG-I/MAVS (Kandasamy et al., 2016) , led to robust induction of Ifnb levels in an hnRNP M-independent fashion at both MOIs, as we previously observed in hnRNP M KD cells transfected with cytosolic dsDNA (Figures 6B, S6A, and 2M, respectively) . Consistent with hnRNP Mdependent regulation occurring downstream of diverse immune stimuli (Figure 2) , VSVinfected hnRNP M KD cells at MOI = 1 and MOI = 0.1 hyperinduced both Mx1 and IL6 ( Figures 6C, 6D, S6B, and S6C ).
While Mx1 itself is a well-known anti-viral GTPase, cell lines derived from inbred mouse strains like RAW 264.7 have been shown to carry non-functional Mx1 alleles (Shin et al., responsible for enhanced VSV restriction, we manually examined hnRNP M-regulated transcripts in our RNA-seq data from uninfected and Salmonella-infected (i.e., TLR4activated) macrophages and identified a number of genes known to be important for controlling RNA viral replication ( Figure 6E ). qRT-PCR confirmed hyperinduction of several antiviral ISGs in hnRNP M KD macrophages at 4 h post-VSV infection including Rsad2 (Viperin), Ifitl, Irf7, and Gbp5 ( Figure 6F ). Interestingly, neither Ifit1 nor Irf7 was identified as an hnRNP M-dependent transcript during Salmonella infection, even though both can be expressed downstream of TLR4 through IRF3/IFNAR/STAT1 signaling. This difference may simply reflect kinetic differences in transcript induction following RNA sensing versus TLR4 activation or may indicate that hnRNP M regulates an even broader set of transcripts in macrophages following RNA virus infection. We propose that inhibition of VSV replication in hnRNP M KD macrophages ultimately results from a combination of pro-viral gene downregulation (red genes, Figure 6E ) and anti-viral gene upregulation (blue genes, Figure 6E and Figure 6F ). Collectively, these data are consistent with hnRNP M playing a critical role in slowing innate immune gene expression and suggest that the presence of hnRNP M can actually blunt macrophage antiviral defenses at early time points following infection with VSV.
DISCUSSION
Despite the substantial impact pre-mRNA splicing has on gene expression outcomes, little is known about how components of the spliceosome are modified and regulated during cellular reprogramming events, such as macrophage pathogen sensing. Here, we demonstrate that the splicing factor hnRNP M is a critical repressor of a unique regulon of innate immune transcripts (see model in Figure 7) . These transcripts were hyperinduced in hnRNP M KD macrophages downstream of a variety of innate immune stimuli (i.e., Salmonella infection, TLR4/TLR2 agonists, recombinant IFN-β, cytosolic dsDNA, RNA virus infection [VSV]) ( Figure 2; Figure 6 ), and hyperinduction of this regulon correlated with enhanced capacity of hnRNP M KD macrophages to control VSV replication at early time points ( Figure 6 ). We propose that in innate immune cells like macrophages repression of pre-mRNA splicing by hnRNP M serves as a safeguard, dampening the initial ramping up of innate immune gene expression and preventing spurious expression of potent pro-inflammatory molecules in situations where the cell has not fully engaged with a pathogen. The latter situation is supported by experiments in which low doses of LPS (10 and 50 ng/mL), were sufficient to hyperinduce IL6 in the absence of hnRNP M without inducing significant a change in the amount of IL6 mRNA expressed in SCR control cells ( Figure S7A) . These data support a role for hnRNP M in slowing IL6 processing in macrophages that are "sampling" PAMPsor that have just received an initial innate immune stimulus. The requirement for cells totightly control expression of potent inflammatory mediators like IL6 is evidenced by the fact that multiple transcriptional and post-transcriptional mechanisms exist to regulate IL6, including chromatin remodeling (Ramirez-Carrozzi et al., 2009) , mRNA stability (Masuda et al., 2013) , subcellular localization (Higa et al., 2018) , and now, based on these data, pre-mRNA splicing. While hnRNP M's role in regulating many alternative splicing decisions is conserved across diverse cell types in mice and humans (as evidenced by overlap in our MAJIQ hits and eCLIP datasets [ Figure 4K ]), its role in controlling innate immune transcripts is uniquely influenced by phosphorylation downstream of pathogen sensing. Based on these observations, we propose that hnRNP M and likely other splicing factors possess distinct capacities for interacting with RNAs and/or proteins depending on how they are post-translationally modified. In this way, innate immune sensing cascades may remodel splicing complexes, for example, by promoting release of hnRNP M from chromatinassociated RNA-proteins complexes via p38-MAPK cascades.
While we do not fully understand the mechanisms driving hnRNP M's target specificity, our RNA-seq data as well as other datasets (Bhatt et al., 2012) demonstrate the presence of cryptic exons in a number of hnRNP M-regulated transcripts ( Figure S7 ). Previous work investigating the RNA-binding landscape of a panel of hnRNP proteins in a non-macrophage cell line (HEK293Ts, human embryonic kidney cells) revealed that hnRNP M has a strong preference for binding distal intronic regions (>2 kb from an exon-intron junction) (Huelga et al., 2012) . Its binding profile was somewhat unique among the hnRNPs queried and was more reminiscent of another RBP, TDP-43. TDP-43 also binds UG-rich sites in distal introns and is crucial for repressing splicing of cryptic exons for a set of transcripts in the brain (Ling et al., 2016; . We speculate that hnRNP M regulates splicing of macrophage transcripts through a similar mechanism where it binds to UG-rich regions downstream of cryptic exons and inhibits assembly of the spliceosome on these introns, thus slowing intron removal.
While hnRNP M's ability to associate with the IL6 genomic locus via ChIP is RNA dependent, it is conceivable that hnRNP M controls innate immune gene expression through mechanisms that are independent of direct contacts between hnRNP M and regulated transcripts. Because a number of splicing factors have been shown to impact histone markers and chromatin remodeling, it is possible that hnRNP M promotes epigenetic changes at specific target transcripts Kim et al., 2011; Martins et al., 2011; Saldi et al., 2016) . hnRNP M may also interact with one or more long non-coding RNAs (lncRNAs), a number of which are regulated by TLR activation (Carpenter et al., 2013) and have been shown to control IL6 expression (Atianand et al., 2016; Carpenter et al., 2013) .
Experiments designed to identify hnRNP M-associated RNAs in uninfected and infected macrophages will provide important insights into how hnRNP M recognizes chromatinassociated target transcripts and help illuminate how pre-mRNA splicing decisions shape the innate immune transcriptome.
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triplicate wellsin a96-well plate. Averagesof the raw values were normalized to average values for the same sample with the control gene, beta-actin. To analyze fold induction, the average of the treated sample was divided by the untreated control sample, which was set at 1.
Chromatin Immunoprecipitation-Chromatin Immunoprecipitation (ChIP) was adapted from Abcam's protocol. Briefly, two confluent 15 cm dishesof RAW 264.7 macrophages were crosslinked in formaldehyde to a final concentration of 0.75% and rotated for 10 minutes. Glycine was added to stop the cross linking by shaking for 5 minutes at a concentration of 125 mM. Cells were rinsed with PBStwice and then scraped into 5 mL PBS and centrifuged at 1,000 g for 5 min at 4C. Cellular pellets were resuspended in ChIP lysis buffer (750 mL per 1×10 7 cells) and incubated for 10 min on ice. Cellular lysates were sonicated for 40 minutes (30sec ON, 30sec OFF) on high in a Bioruptor . After sonication, cellular debris was pelleted by centrifugation for 10 min, 4°C, 8,000 × g. Input samples were taken at this step and stored at −80C until decrosslinking. For RNase treated samples, RNase A was added to cell lysates and incubated for 30 mins at 37C. Approximately 25 μg of DNA diluted to 1:10 with RIPA buffer was used forovernight immunoprecipitation. Each ChIP had one sample for the specific antibody and one sample for Protein G beads only which were pre-blocked for 1 hr with single stranded herring sperm DNA (75 ng/μL) and BSA (0.1 μg/μL). The respective primary antibody was added to all samples except the beads-only sample at a concentration of 5 ug and rotated at 4°C overnight. Beads were washed 3× in with a final wash in high salt (500mM NaCl). DNA waseluted with elution buffer and rotated for 15 min at 30C. Centrifuge for 1 min at 2,000 xg and transfer the supernatant into a fresh tube. Supernatant was incubated in NaCl, RNase A (10 mg/mL) and proteinase K (20 mg/mL) and incubated at 65°Cfor 1 h. The DNA was purified using phenol:chloroform extraction. DNA levels were measure by RT-qPCR. Primers were designed by tiling each respective gene every 500 base pairs that were inputted into NCBI primer design.
FLAG Chromatin Immunoprecipitation-In RAW 264.7 macrophages stably expressing FL-hnRNP M or FL-GFP, ChIP was conducted as described above with minor adjustments. Lysates were incubated overnight at 4C with ANTI-FLAG M2 antibody. After washing, DNA was eluted with FLAG peptide (Sigma-Aldrich F4799) by adding 20 ul of 5X FLAG peptide, vortexed at room temperature for 15 mins and supernatants were collected. This process was repeated a total of 3x followed by decrosslinking as described.
Alternative Splicing Analysis-Alternative splicing events were analyzed using MAJIQ and VOILA with the default parameters (Vaquero-Garcia et al., 2016) . Briefly, uniquely mapped, junction-spanning reads were used by MAJIQ to construct splice graphs for transcriptsby using the RefSeq annotation supplemented with de-novo detected junctions. Here, de-novo refers to junctions that were not in the RefSeq transcriptome database but had sufficient evidence in the RNA-Seq data. The resulting gene splice graphs were analyzed for all identified local splice variations (LSVs). For every junction in each LSV, MAJIQ then quantified expected percent spliced in (PSI) value in control and hnRNP M knockdown samples and expected change in PSI (dPSI) between control and hnRNP M KD samples.
Results from VOILA were then filtered for high confidence changing LSVs (whereby one or more junctions had at least a 95% probability of expected dPSI of at least an absolute value of 20 PSI units (noted as "20% dPSI") between control and hnRNP M KD) and candidate changing LSVs (95% probability, 10% dPSI). For the high confidence results (dPSI > = 20%), the events were further categorized as single exon cassette, multi-exon cassette, alternative 5' and/or 3' splice site, or intron-retention.
VSV infection-7×10 5 RAW cells were seeded in 12-well plates 16h before infection. Cells were infected with VSV-GFP virus (Dalton and Rose, 2001) at multiplicityof infection (MOI) of 1 and 0.1 in serum-free DMEM (HyCloneSH30022.01). After 1h ofincubation with media containing virus, supernatant was removed, and fresh DMEM plus 10% FBS was added to each well. At indicated times post infection, cells were harvested with Trizol and prepared for RNA isolation.
QUANTITATION AND STATISTICAL ANALYSIS
Statistical analysis of data was performed using GraphPad Prism software. Two-tailed unpaired Student's t tests were used for statistica! analyses, and unlessotherwise noted, all results are representative of at leastthree biological experiments (mean ± SEM (n = 3 per group)).
DATA AND CODE AVAILABILITY
This article contains all datasets generated during this study. All coding for Majiq and Voila was standard and is available for academic download. Raw read files for RNA-seq can be found on GEO (Accession #GSE137603). Cell Rep. Author manuscript; available in PMC 2020 January 25.
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